The Kossel interferences generated by characteristic x-ray lines produced inside a periodic multilayer have been observed upon proton irradiation, by submitting a Cr/B 4 C/Sc multilayer stack to 2 MeV protons and observing the intensity of the Sc and Cr K characteristic emissions as a function of the detection angle. When this angle is close to the Bragg angle corresponding to the emission wavelength and period of the multilayer, an oscillation of the measured intensity is detected. The results are in good agreement with a model based on the reciprocity theorem. The combination of the Kossel measurements and their simulation, will be a useful tool to obtain a good description of the multilayer stack and thus to study nanometer-thick layers and their interfaces.  X-ray photons from an x-ray tube [8] [9] [10] or synchrotron radiation [11] [12] [13] [14] ; this case is analogous to the x-ray standing wave technique [14, 15] The technique requires a periodic structure to diffract the emitted radiation, thus it has been applied to study crystals and interferential multilayers. However, to the best of our knowledge, Kossel lines have never been observed in multilayers upon particle excitation. It is the aim of this paper to show that it is possible to study multilayers having a nanoscale period upon proton irradiation through the observation of Kossel lines.
Introduction
The interferences of characteristic x-ray emission produced within a crystal, by the crystal lattice itself was demonstrated experimentally by Walter Kossel in 1935 [1] . These interferences lead to the observation of what are now called Kossel lines, which are analogous to the Kikuchi lines observed in electron diffraction. Since the observation of a characteristic emission requires as a first step the ionization of a core level, different ionizing radiations can be used to observe Kossel lines [2] :
 Electrons from an electron gun [3] [4] [5] [6] or a scanning electron microscope [7] ;  X-ray photons from an x-ray tube [8] [9] [10] or synchrotron radiation [11] [12] [13] [14] ; this case is analogous to the x-ray standing wave technique [14, 15] used to study the interfaces of multilayers [16] or x-ray waveguides [17] as well as superficial thin films [18] ;  Rapid charged particles (proton or ion beam) from an accelerator [19] [20] [21] [22] [23] [24] [25] .
The technique requires a periodic structure to diffract the emitted radiation, thus it has been applied to study crystals and interferential multilayers. However, to the best of our knowledge, Kossel lines have never been observed in multilayers upon particle excitation. It is the aim of this paper to show that it is possible to study multilayers having a nanoscale period upon proton irradiation through the observation of Kossel lines.
Experimental details
The multilayer used for this experiment was a Cr/B 4 C/Sc periodic multilayer, whose period was repeated 100 times. The samples were deposited by magnetron sputtering onto a silicon substrate. The thickness of the Cr, B 4 C and Sc layers are 0.60, 0.20 and 0.92 nm respectively, as deduced from x-ray reflectivity (XRR) measurements in the hard and soft xray ranges. Thus the period of the stack is 1.72 nm. Other reflectivity measurements also showed that Cr atoms are present inside the B 4 C layers [26] . The thin B 4 C barrier layers were introduced to prevent the interdiffusion between Cr and Sc layers and can also improve the thermal stability of the stack [27] . The multilayer was capped with a 2.5 nm-thick B 4 C layer in order to prevent it from oxidation. Working with this Cr/B 4 C/Sc multilayer enabled us to measure well-resolved Sc and Cr K lines and to detect them at reasonable grazing angles.
Indeed, this kind of short-period multilayer is chosen for microscopy or spectroscopy applications in the water window range [28, 29] and requires well defined layers. Possible evolution of the multilayer composition was monitored simultaneously via the elastically backscattered protons detected in a passivated implanted planar silicon (PIPS) detector, placed at 165° with respect to the direction of the proton beam. We present in Figure 1 the spectrum so obtained for a total proton dose of 600 µC. Protons scattered from the Cr and Sc atoms appear in the peak near 1800 keV. The area of this peak was monitored, and did not change during the measurements, indicating no measurable loss of matter induced by the beam. As a further precaution, the proton beam was moved on the sample surface, from one pristine zone to another, so that the dose did not exceed 600 µC at a given location. The scattering cross sections on the light elements are highly non-Rutherford: in particular the 11 B(p,p) 11 B cross section is much greater than the Rutherford cross-section which explains why the 11 B peak is visible in spite of the very small quantity of boron, and the highly non-Rutherford 28 Si(p,p) 28 Si cross-section is manifested in the resonant structure obtained from the thick silicon substrate.
The setup for the Kossel experiment is shown in Figure 2 . The angle between the incident proton beam and the x-ray detector (SDD, silicon drift detector) was fixed at 90°. In addition to the beryllium window protecting the detector from the atmosphere, a 60 µm thick Mylar film was placed in front of the detector to block the scattered protons. Overall transmission for the Sc K and Cr K lines is greater than 0.65 [30] and practically zero for the Sc and Cr L lines, and also for the B and C K lines.
We rotated the sample so that the angle  between the sample surface plane and the direction of the SDD, was varied around the Bragg angle, which is around 4° for the Cr K emission and 5° for the Sc K emission (see below). The distance between the sample and the detector was 115 mm and a slit of ≈0.2 mm width was placed in front of the collimator of the SDD, giving an angular resolution of about 0.1°. 
Results and discussion
We show in Figure 4 the Kossel curves for the Sc and Cr K emissions toward the low angles and starting from zero. At each angle, the proton dose is 30 µC. The angular step is 0.2° except in the region of the strongly varying intensity where it is 0.05°. For both curves, the intensity increases first sharply and then smoothly. The intensity increase is due to the total internal reflection of the radiation emitted within the sample. The angular shift observed in Figure 4 , between the onset of the Sc and Cr curves, about 0.15°, comes from the difference of the mean optical indices of the multilayer at the energies of Sc K and Cr K radiations. The sharp edge inflection point is the angle of the total internal reflection and is chosen to calibrate the angular scale. This last angle is calculated (with a typical uncertainty of ±0.01°), by optical simulation [30] of the reflectance at the two corresponding energies, as 0.56° for Sc and 0.42° for Cr. The uncertainty on the absolute value of the experimental angles is estimated to be 0.05° (the angular step around the inflexion point) while the relative uncertainty is lower than this value. 
Conclusion
In conclusion, we have observed for the first time the Kossel interferences of protoninduced x-ray emission lines in a multilayer. This was achieved by using a Cr/B 4 C/Sc periodic stack and observing the Sc K and Cr K characteristic emissions. Owing to the low background radiation, the x-ray spectra lead directly to the Kossel curves. The agreement between the experiments and the simulation is excellent regarding the shape and position of the Kossel features, although it may be improved regarding the contrast of these features obtained in this pioneering experiment.
The counting statistics for a given incident proton fluence could be improved by changing the angle of incidence between the protons and the sample surface and thus increasing the apparent thickness of the sample seen by the proton beam, or by using a colour camera [33] sensitive both to the location and energy of the detected x-rays. This second solution could provide 1 to 2 orders of magnitude greater x-ray yield per incident proton and could open the way for systematic use of proton-induced x-ray emission with Kossel interferences to probe the nanoscale layers and interfaces of periodic multilayers. Thus, it will become possible to obtain with proton-induced x-ray emission under Kossel interferences the same kind of results and informations as those obtained by the widespread x-ray standing wave technique [34] .
